Containment of hepatitis C virus (HCV) and other chronic human viral infections is associated with persistence of virus-specific CD4 T cells, but ex vivo characterization of circulating CD4 T cells has not been achieved. To further define the phenotype and function of these cells, we developed a novel approach for the generation of tetrameric forms of MHC class II/peptide complexes that is based on the cellular peptide-exchange mechanism. HLA-DR molecules were expressed as precursors with a covalently linked CLIP peptide, which could be efficiently exchanged with viral peptides following linker cleavage. In subjects who spontaneously resolved HCV viremia, but not in those with chronic progressive infection, HCV tetramer-labeled cells could be isolated by magnetic bead capture despite very low frequencies (1:1,200 to 1:111,000) among circulating CD4 T cells. These T cells expressed a set of surface receptors (CCR7 + CD45RA -CD27 + ) indicative of a surveillance function for secondary lymphoid structures and had undergone significant in vivo selection since they utilized a restricted Vb repertoire. These studies demonstrate a relationship between clinical outcome and the presence of circulating CD4 T cells directed against this virus. Moreover, they show that rare populations of memory CD4 T cells can be studied ex vivo in human diseases.
Introduction
The characterization of CD4 T cell populations specific for microbial antigens or self-proteins represents a major challenge in human immunology. Precise definition of the MHC/peptide specificity and functional properties of CD4 T cell populations is required for a mechanistic understanding of human disease processes. Characterization of such T cell populations is particularly relevant to the outcome of chronic viral infections as well as disease mechanisms in chronic inflammatory diseases with proposed autoimmune pathogenesis. Ex vivo character-ization of these cell populations is critical, since in vitro culture may significantly alter composition and functional properties of the populations of interest. Current approaches rely on particular effector functions, such as proliferation and cytokine production, and do not permit ex vivo characterization of T cell populations with a defined MHC class II/peptide specificity.
The development of tetrameric forms of MHC class I/ peptide complexes has revolutionized the analysis of CD8 T cells, but expanded populations of human CD4 T cells have so far been visualized only in the synovial fluid of two of three patients with chronic Lyme arthritis with an MHC class II tetramer (1, 2) . Despite intensive efforts, it has so far not been possible to directly quantify human CD4 T cell populations from peripheral blood with MHC class II tetramers. Both effector and memory CD4 T cells appear to be present at significantly lower frequencies than their CD8 counterparts (3) , and it may thus be difficult to distinguish populations of interest from background with conventional tetramer-detection techniques. The robust generation of MHC class II tetramers that are suitable for systematic analysis of human CD4 T cell responses, and the identification of the major CD4 T cell epitopes, have also represented significant challenges.
Containment of hepatitis C virus (HCV) and other chronic human viral infections is associated with persistence of virus-specific CD4 T cells, but ex vivo characterization of circulating CD4 T cells has not been achieved. To further define the phenotype and function of these cells, we developed a novel approach for the generation of tetrameric forms of MHC class II/peptide complexes that is based on the cellular peptide-exchange mechanism. HLA-DR molecules were expressed as precursors with a covalently linked CLIP peptide, which could be efficiently exchanged with viral peptides following linker cleavage. In subjects who spontaneously resolved HCV viremia, but not in those with chronic progressive infection, HCV tetramer-labeled cells could be isolated by magnetic bead capture despite very low frequencies (1:1,200 to 1:111,000) among circulating CD4 T cells. These T cells expressed a set of surface receptors (CCR7 + CD45RA -CD27 + ) indicative of a surveillance function for secondary lymphoid structures and had undergone significant in vivo selection since they utilized a restricted Vβ repertoire. These studies demonstrate a relationship between clinical outcome and the presence of circulating CD4 T cells directed against this virus. Moreover, they show that rare populations of memory CD4 T cells can be studied ex vivo in human diseases.
We have developed a general approach for tetramerbased ex vivo analysis of human pathogen-specific memory CD4 T cells and used it to study the T cell response to hepatitis C virus (HCV). Chronic HCV infection is a major cause of liver cirrhosis and hepatocellular carcinoma worldwide and represents the leading indication for liver transplantation in the US (4, 5) . HCV is a single-stranded RNA virus that causes chronic viremia with high-level virus production in the majority of infected subjects. Understanding of the key parameters of the naturally developing immune response to this virus is particularly relevant since spontaneous control of viremia is observed in 20-50% of infected subjects, with the virus becoming undetectable in plasma by RT-PCR. The HCV genome encodes a single polyprotein that is spliced into ten polypeptides, and the relatively small size of its genome makes it amenable to systematic study (4, 6) . Spontaneous control of HCV viremia is associated with induction of a vigorous and broadly directed HCV-specific CD4 T cell response that is maintained long-term in peripheral blood after resolution of viremia (7) (8) (9) (10) . In contrast, individuals with chronic HCV infection exhibit a narrowly directed or undetectable HCV-specific CD4 T cell response (7) (8) (9) (10) (11) (12) . It is not known whether HCV-specific CD4 T cells are anergic or largely absent in chronically infected subjects lacking functional responses, since current methods do not permit isolation of HCV-specific CD4 T cells independent of a particular function. Isolation of CD4 T cells based on their T cell receptor (TCR) specificity is also important for dissecting mechanisms responsible for different clinical outcomes. We have therefore developed an approach to isolate and characterize HCV-specific CD4 T cell populations ex vivo, despite their low frequency among circulating lymphocytes.
Methods
Subjects. This study was approved by the Institutional Review Boards of the Massachusetts General Hospital and the Nuffield Department of Medicine; all subjects gave written informed consent. All subjects were anti-HCV-positive as measured by enzyme immunoassay. HCV viral loads were measured by the Roche Amplicor Monitor assay (Roche, Branchburg, New Jersey, USA) (detection limit 300 copies/ml of plasma). Subjects 01-40, 98A, OXS, OXM, OXD and O1E spontaneously resolved HCV viremia, while subject 99D was treated with IFN/ribavirin therapy and subsequently resolved HCV viremia; these subjects had persistent documented undetectable plasma viral loads (<300 copies/ml of plasma). Subject OXK had received unsuccessful combination therapy 6 years previously, but all other subjects with chronic infection were untreated. HLA typing was performed by standard serological and molecular techniques (13) . The HLA-DR alleles of the subjects included in this study were as follows: 99D: DRB1*0401; 01-40: DRB1*0401, DRB1*07; 98A: DRB1*0401, DRB1*10; OXS: DRB1*0404, DRB1*07; OXM: DRB1*0401, DRB1*0701; OXD: DRB1*04, DRB1*07; O1E: DRB1*0401, DRB1*11; 99-24: DRB1*0401, DRB1*15; OXB: DRB1*1501, DRB1*0401; OXK: DRB1*0404, DRB1*1101; O2P: DRB1*0401, DRB1*07.
Expression of DR/CLIP precursors. The constructs for the expression of DR/CLIP complexes were based on those previously described for DR2 (DRA, DRB1*1501), which carried Fos and Jun dimerization domains (14, 15) . For the β chain constructs (DRB1*0101, DRB1*0401, DRB1*1501, and DRB5*0101), the covalently linked myelin basic protein (MPP) peptide was replaced with the CLIP peptide (PVSKMRMAT-PLLMQA, single-amino acid code). The linker carried a thrombin-cleavage site, as reported (16) . For the DRα chain construct, a BirA biotinylation site (GLN-DIFEAQKIEWHE) was attached via a six-amino acid linker (GGSGGS) to the 3′ end of the Fos dimerization domain (17) . The four different DRβ chain constructs were cotransfected with the DRα chain construct into CHO cells, and clones were screened for secretion of DR molecules in an ELISA in which mAb L243 (American Type Culture Collection, Manassas, Virginia, USA) was used for capture and a polyclonal DR antiserum for detection (15) . Clones with the highest expression levels were expanded for inoculation into bioreactors. For large-scale protein production, the ACUSYST-miniMAX instrument (Cellex Biosciences Inc., Minneapolis, Minnesota, USA) was used, which allows control of temperature, pH, and media feed rate. Transfectants were grown in hollow fiber bioreactors with an internal surface area of 1.1 m 2 , and supernatants from the extracellular space were harvested by the instrument at a predetermined flow rate into a collection bottle placed at 4°C. These cultures were maintained for approximately 3 months, and supernatants were frozen at weekly intervals. DR molecules were purified by affinity chromatography with mAb L243 (American Type Culture Collection) as previously described (14) .
Processing of DR molecules: biotinylation, thrombin cleavage, and peptide exchange. Purified DR molecules were biotinylated using a 1:20 molar ratio of BirA to DR in a buffer containing 100 µM biotin, 10 mM ATP, 10 mM magnesium acetate, 50 mM Bicine (Sigma-Aldrich, St. Louis, Missouri, USA), and 1× protease inhibitor cocktail (Sigma-Aldrich) at pH 8.0. The final HLA-DR concentration was adjusted to 2.5 mg/ml with 10 mM Tris, pH 8.0, and the reaction was incubated for 2 hours at 30°C. The protein was then extensively dialyzed against PBS to remove free biotin. Biotinylation was confirmed by electrophoresis on native polyacrylamide gels (6%), and dimers, trimers, and tetramers of DR molecules could be visualized at different molar ratios of streptavidin and DR.
Prior to the peptide-exchange reaction, the linker was cleaved with thrombin for 2 hours to allow release of the CLIP peptide. Twenty units of thrombin (Novagen, Madison, Wisconsin, USA) were used per milligram for DRB1*0101 and DRB1*0401 molecules, and 40 units per milligram for DRB5*0101 and DRB1*1501. Thrombin cleavage was confirmed by SDS-PAGE based on a shift in the molecular weight of the DRβ chain. Thrombin-cleaved complexes are designated as *DR/CLIP. Peptide exchange was performed using dinitrophenol-labeled (DNP-labeled) peptides for affinity purification of defined DR/peptide complexes. The DNP group was attached to the N-terminus of peptides via an aminohexanoic acid linker during synthesis (New England Peptide Inc., Fitchburg, Massachusetts, USA); all peptides were HPLC-purified and analyzed by mass spectrometry.
The sequences of the HCV peptides used for construction of MHC class II tetramers were as follows: HCV 1248: GYKVLVLNPSVAATL; HCV 1579: SGENL-PYLVAYQATVCARA; HCV 1770: SGIQYLAGLSTLP-GNPAIASL. Control tetramers were generated with peptides from annexin II and gp100 that had been eluted from DR4 molecules of a melanoma cell line (annexin II, residues 208-223: DVPKWISIMTERSVPH; gp100, residues 44-59: WNRQLYPEWTEAQRLD) (18) . Peptide-exchange reactions were carried out with 3.3 µM *DR/CLIP and 50 µM of the respective DNP-labeled peptide in a buffer containing 50 mM sodium citrate, pH 5.2, 1% octylglucoside, 100 mM NaCl, and 1× protease inhibitor cocktail (Sigma-Aldrich). The reactions were incubated overnight at 30°C and then concentrated by ultrafiltration. The *DR/CLIP concentration and reaction temperature were chosen based on preliminary experiments designed to minimize aggregation of empty DR molecules created by CLIP dissociation. Aggregation was substantially lower at a *DR/CLIP concentration of 3.3 µM compared with 8.25 µM, and at a reaction temperature of 30°C compared with 37°C.
DR molecules were separated from unbound peptide with a Superose 12 HPLC gel filtration column (Amersham Pharmacia Biotech, Piscataway, New Jersey, USA) using PBS at a flow rate of 0.8 ml/min. The peak representing DR molecules was collected and injected onto an anti-DNP HPLC affinity column. The anti-DNP affinity column was generated by covalent cross-linking of 10 mg of anti-DNP-1 antibody (BIOTREND Chemikalien GmbH, Cologne, Germany) to a 4.6 mm × 50 mm protein G column on POROS 20 XL media (Applied Biosystems, Foster City, California, USA). DR molecules with bound DNP-labeled peptide were eluted from the column using 50 mM 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS), pH 11.5, and eluates were neutralized by addition of 1 M phosphate, pH 6.0. Biotinylated, peptide-loaded DR molecules were concentrated by ultrafiltration (Centricon 2-ml concentrator; Millipore Corp., Bedford, Massachusetts, USA), and the buffer was simultaneously changed to PBS. Biotinylated DR/peptide complexes were frozen in small aliquots at -80°C and multimerized with labeled streptavidin prior to use in staining reactions.
Kinetics of CLIP dissociation and peptide association. CLIP dissociation and HA peptide association were exam-ined under conditions relevant to preparative loading of *DR/CLIP complexes. To study the kinetics of CLIP dissociation, 8.33 µM of *DR/CLIP was incubated overnight at 37°C with 100 nM Alexa-488-labeled CLIP peptide in 50 mM sodium citrate, pH 5.2, 1% octylglucoside, 100 mM NaCl, and 1× protease inhibitor cocktail (Sigma-Aldrich). A molar excess of the high-affinity influenza HA (residues 306-318) peptide (100 µM) was then added, and the reactions were incubated for different periods of time at 37°C and then frozen until analysis. Complexes of DR and Alexa-488-labeled peptide were separated from unbound peptide using a Bio-Silect SEC 125 gel filtration column (Bio-Rad Laboratories Inc., Hercules, California, USA) run at a flow rate of 1 ml/min with PBS. The Alexa-488-labeled peptide was detected using an HPLC fluorescence detector with excitation and emission wavelengths set at 495 and 519 nm, respectively (Varian ProStar 363; Varian Analytical Instruments, Walnut Creek, California, USA). Peptide association was examined using 3.3 µM *DR/CLIP and 50 µM Alexa-488-labeled influenza HA peptide, under the same conditions as described above. The amount of bound peptide was determined based on the surface area of the peak that represented the DR/peptide complex. Half-life for dissociation was calculated by fitting of data to an equation describing an exponential decay. Half-life for association was calculated by fitting of data to an equation describing exponential rise. The following labeled peptides were used in these experiments: CLIP (residues 87-101) Alexa-488-CGGG-PVSKMRMATPLLMQA; influenza HA (residues 306-318) Alexa-488-CGGGPKYVKQNTLKLAT.
Peptide-binding assay. Competition assays were performed to identify HCV peptides suitable for tetramer production. HCV peptides were used as competitors for binding of a biotinylated influenza HA (residues 306-318) peptide to thrombin-cleaved DR4/CLIP complexes. Competitor peptides were tested at concentrations ranging from 30 nM to 10 µM in the presence of 30 nM labeled HA peptide and 1.7 µM *DR/CLIP. Reactions were incubated for 20 hours at 37°C in 50 mM sodium citrate, pH 5.2, 1% octylglucoside, 100 mM NaCl, 100 µg/ml of BSA, and 1× protease inhibitor cocktail. One hundred nanograms of DR was loaded onto a 96-well plate (Wallac Oy, Turku, Finland) coated with 200 ng/well of mAb L243, and DR-bound peptide was detected with europium-labeled streptavidin. Fluorescence was quantitated using a DELFIA 1234 fluorometer (Wallac Oy).
Establishment of T cell lines specific for the influenza HA peptide. PBMCs from normal donors with the appropriate DR subtype were plated at 2 × 10 5 cells per well in 96well U-bottom plates in the presence of influenza HA (residues 306-318) peptide (0.2-1 µM) and RPMI 1640, 10% human serum, 2 mM L-glutamine, 10 mM HEPES, and 100 µg/ml penicillin/streptomycin. Recombinant IL-2 was added after 3 days to a final concentration of 5 U/ml (Roche Diagnostics, Indianapolis, Indiana, USA), and half of the media was changed every 3 days. Cell lines were maintained by restimulation with autologous irradiated mononuclear cells and HA peptide at 10-to 14-day intervals as described previously (19) .
Establishment of HCV-specific CD4 T cell lines. HCV-specific CD4 T cell lines were generated as previously described (7) by a single round of stimulation with a recombinant HCV antigen. Briefly, 5 × 10 6 PBMCs were stimulated with 1 µg/ml of recombinant C200 antigen (encoding NS3 and NS4 proteins) in media supplemented with 50 U/ml of recombinant IL-2. After 10-14 days of culture, T cell lines were stained with tetramers and analyzed for Vβ usage.
Intracellular cytokine staining. Intracellular cytokine staining of PBMCs ex vivo and in short-term stimulated cell lines was performed as previously described (7) . MHC class II tetramer staining of PBMCs. For tetramer formation, biotinylated DR/peptide complexes were incubated with R-phycoerythrin-labeled streptavidin for at least 1 hour on ice, at a 4:1 molar ratio of DR to streptavidin and a final DR concentration of 0.2 mg/ml. Cells (fresh PBMCs, cryopreserved PBMCs, or cells from a short-term stimulated line) were stained in 100 µl R10 medium (RPMI, 10% FCS, 10 mM HEPES, 2 mM L-glutamine, and 50 U/ml penicillin/ streptomycin) with 2 µg of phycoerythrin-conjugated (PE-conjugated) MHC class II tetramer for 2 hours at room temperature. APC-conjugated anti-CD4, peridinin chlorophyll protein-conjugated (PerCP-conjugated) anti-CD14, PerCP-conjugated anti-CD19, and either FITC-conjugated CD27 or FITC-conjugated CD45RA mAb's were added for the last 20 minutes of incubation. For CCR7 analysis, cells were stained with unconjugated anti-human CCR7 antibody (Becton Dickinson-Immunocytometry Products, San Jose, California, USA) during the last 20 minutes of tetramer incubation, then washed twice and stained with a FITC-conjugated secondary anti-mouse IgM antibody. The cells were incubated for 20 minutes and washed twice, and then anti-CD4, -CD14, and -CD19 were added and the cells incubated for an additional 20 minutes. Cells were washed twice and then incubated with anti-PE MicroBeads (Miltenyi Biotec Inc., Auburn, California, USA) for 20 minutes at 4°C. The cells were washed once, and 90% of the cells were applied to MS separator columns (Miltenyi Biotec Inc.) according to the manufacturer's instructions. The other 10% of the tetramer-stained cells were reserved for FACS analysis; the total number of cells in this pre-enrichment sample was multiplied by 10 to determine the input number of cells for each sample. Two to three million PBMCs were used for each tetramer stain. The PE-positive cells were then eluted from the columns, stained with Via-Probe (Becton Dickinson-Immunocytometry Products), and analyzed by flow cytometry using CellQuest software (Becton Dickinson-Immunocytometry Products). Cells were gated on CD4 + , CD14 -, CD19 -, and Via-Probe-negative cells. Multiple control tetramers with irrelevant peptides were used in most experiments to demonstrate specificity of binding by the relevant tetramers. The frequency of tetramer-positive cells was determined by division of the number of CD4 + / tetramer + cells after enrichment by the total number of CD4 T cells as calculated by FACS analysis of the pre-enrichment sample. For Vβ analysis, cells were labeled with FITC-conjugated antibodies (Immunotech, Westbrook, Maine, USA) following magnetic enrichment and washed after a 20-minute incubation at room temperature.
Results

MHC class II/CLIP precursors for the creation of tetramers.
We developed a novel approach for the generation of MHC class II tetramers that is based on the cellular peptide-exchange mechanism. In APCs, MHC class II molecules assemble in the ER with invariant chain, and the CLIP segment of invariant chain serves to protect the hydrophobic binding site. Following transport to the endosomal/lysosomal peptide-loading compartment, invariant chain is proteolytically cleaved, and the remaining CLIP peptide is exchanged with other peptides in a reaction catalyzed by HLA-DM (20) (21) (22) (23) (24) . This cellular peptide-exchange mechanism thus preserves the functionality of MHC class II molecules prior to exposure to peptides in the appropriate cellular compartment and suggests a general strategy for the creation of MHC class II tetramers. We generated
Figure 2
Purification of HLA-DR molecules loaded with peptides from HCV. (a) Binding of HCV peptides to DR4. Based on a genome-wide analysis of the CD4 T cell response to HCV, seven candidate peptides were evaluated for DR4 binding. Unlabeled HCV peptides were used as unlabeled competitors for a biotinylated influenza HA (residues 306-318) peptide, and the amount of DR-bound biotinylated peptide was measured with europium-labeled streptavidin following capture of DR molecules with the L243 antibody. Two HCV peptides (HCV 1241 and HCV 1771; numbering based on the position of the first residue in the HCV polyprotein) showed a dose-response curve similar to that of the high-affinity influenza HA peptide, while higher concentrations of the HCV 1581 peptide were required for competition with labeled HA peptide. HCV 1531 is shown as an example of a peptide that did not effectively compete for binding of HA peptide to DR4. (b and c) Two-step purification of DR molecules loaded with defined peptides. DR4 molecules were separated from free peptide by HPLC gel filtration (b) and then injected into an HPLC DNP affinity column (c) to isolate DR4 molecules loaded with DNPlabeled HCV peptide. Bound complexes were eluted using 50 mM CAPS, pH 11.5, and immediately neutralized. A280 nm, absorbance measurements at a wavelength of 280 nm. HCV peptides analyzed in binding experiments were derived from a set of overlapping 20-mers. Peptides used for the generation of tetramers were designed so that the nine-amino acid core segment predicted for DRB1*0401 binding was flanked by at least two N-and C-terminal residues, since flanking residues can stabilize the MHC-peptide-TCR interaction. Longer peptides were chosen when more than one potential DRB1*0401-binding frame was present. Ahx, aminohexanoic acid.
DR/CLIP complexes in which the CLIP peptide is covalently linked to the N-terminus of the DRβ chain and converted these precursors to an active, peptide-receptive form by thrombin cleavage of the linker ( Figure  1a ). Four different HLA-DR molecules were generated in which the nonpolymorphic DRα chain was paired with different DRβ chains (DRB1*0101, DRB1*0401, DRB1*1501, and DRB5*0101). Stable CHO transfectants that secreted these molecules were grown at a high density in bioreactors, and affinity purification from supernatants collected over 1 week of a 2-to 3month culture yielded substantial quantities of purified DR/CLIP complexes: 45.6 mg (DRB1*0101), 57.7 mg (DRB1*0401), 34.3 mg (DRB1*1501), and 9.4 mg (DRB5*0101). SDS-PAGE demonstrated that these preparations were pure and that the CLIP peptide could be removed by thrombin cleavage (Figure 1b ). Since 1 mg of protein is used to generate a tetramer, these DR/CLIP complexes can be used to generate many different DR/peptide complexes for systematic analysis of human CD4 T cell populations.
Exchange of CLIP with viral peptides.
To test the functionality of the DR/CLIP precursors, we compared the kinetics of CLIP dissociation and peptide association using fluorescently labeled peptides under conditions used for the generation of tetramers. CLIP dissociation was assessed by loading of DR molecules (thrombincleaved) with an Alexa-488-labeled CLIP peptide and quantification of DR/CLIP-Alexa-488 complexes at different time points following addition of a large molar excess of unlabeled competitor peptide (Figure 1c ). The complex with the bound fluorescent peptide was separated from unbound peptide by HPLC gel filtration chromatography and quantitated with an HPLC fluorescence detector. These experiments demonstrated rapid dissociation (t 1/2 of 5.3 minutes) of the fluorescent CLIP peptide from DR4 at an acidic pH (5.2) that is characteristic for the endosomal peptide-loading compartment. The kinetics for association of an Alexa-488-labeled influenza HA (residues 306-318) peptide closely mirrored those observed for CLIP dissociation (t 1/2 of 5.4 minutes). The rate of the reaction could be further accelerated by addition of HLA-DM (t 1/2 of 2.5 minutes) (Figure 1d ). CLIP dissociation from DRB5*0101 was slower, with a t 1/2 of 3-4 hours, but again the rates of CLIP dissociation and peptide association were similar. The time required for CLIP dissociation is known to be allele dependent and ranged from several minutes to more than 4 hours for three allelic forms of DR molecules solubilized from metabolically labeled cell lines (25) . Expression of DR molecules as precursors with a bound CLIP peptide thus greatly increased their biological activity, since the kinetics of peptide binding were substantially faster than reported for empty DR molecules (26) . Since the influenza HA (residues 306-318) peptide binds to three of the four DR molecules that we had expressed (27, 28) , we generated short-term T cell lines from normal donors with the DRB1*0101, DRB1*0401, or DRB1*1501 haplotype. The corresponding tetramers labeled distinct populations of CD4 T cells in these lines, indicating that tetramers generated by this approach were functional (See Supplemental Figure 1 at http://www.jci.org/cgi/ content/full/112/6/831/DC1).
We next applied this tetramer technology to the assessment of a clinically relevant chronic viral disease, infection with HCV. Since the MHC restriction elements are difficult to determine for polyclonal human CD4 T cell populations, we examined DR4 (DRA, DRB1*0401) binding of seven HCV peptides that represent broadly recognized T cell epitopes for which the restricting class II alleles had not been unequivocally defined (7, 29) . Three HCV peptides bound to DR4 (residues 1241-1260, 1581-1600, and 1771-1790), and two of these competed for binding of labeled peptide as effectively as did the influenza HA (residues 306-318) peptide that represents one of the highest-affinity DR4 binders (Figure 2a) (27, 28) . Based on the DRB1*0401binding motif, peptides were chosen for synthesis in which the core nine-amino acid segment was flanked by several N-and C-terminal residues, and a DNP-affinity tag was added to the N-terminus of each peptide ( Table 1) . A two-step purification process was used to Ex vivo MHC class II tetramer staining of HCV-specific CD4 T cells. (a) PBMC from subject 01-40 with spontaneously resolved HCV viremia were stained with three control tetramers and three HCV tetramers. Cells were positively selected with anti-PE microbeads and analyzed by flow cytometry; the number of CD4 + /tetramer + cells is indicated in the upper right quadrant. An example of FACS analysis before enrichment for tetramer + cells is shown for control tetramer DR4-CLIP and HCV tetramer DR4-HCV 1248. The frequencies of tetramer-positive cells in the CD4 T cell pool were determined by splitting the sample 9:1 following labeling with anti-PE beads; 90% of the cells were magnetically enriched, while 10% of the cells were analyzed without enrichment to determine the number of CD4 T cells. The frequencies of the tetramer + cells of total CD4 cells are as follows: DR4-HCV 1248: 8.2 per 100,000 (0.008%); DR4-HCV 1579: 1.5 per 100,000 (0.0015%); DR4-HCV 1770: 2.4 per 100,000 (0.0024%). Representative data are shown from two independent experiments with fresh PBMC from subject 01-40. (b) PBMC from a DRB1*0401 HCV-seronegative control were stained with the following MHC class II tetramers: 3 control tetramers (DR4-CLIP, DR4-gp100, and DR4-annexin II), a pool of three HCV tetramers, and an HA (residues 306-318) tetramer. The number of CD4 + /tetramer + cells following enrichment with anti-PE microbeads is indicated in the upper right quadrant. The frequency of DR4-influenza HA-specific T cells in this subject was 0.9 per 100,000 (0.0009%).
Tetramer-positive cells could not be unambiguously detected in fresh PBMCs, indicating that enrichment of labeled cells prior to FACS analysis might be essential. Fresh PBMCs from subject 01-40, who spontaneously resolved HCV viremia, were stained with three control tetramers and three HCV tetramers, and tetramer-positive cells were then magnetically enriched with anti-PE microbeads. Following magnetic bead enrichment of cells labeled with control tetramers, very few or no CD4 + /tetramer + cells were isolated (zero to two cells in the experiment shown in Figure 4a ), whereas discrete populations were identified for each of the three HCV tetramers with frequencies of 1 in 12,200 CD4 cells (0.008%) for DR4-HCV 1248, 1 in 66,000 (0.0015%) for DR4-HCV 1579, and 1 in 42,000 (0.0024%) for DR4-HCV 1770 (Figure 4a ). To ensure that the HCV tetramer-selected cells represented specific populations of CD4 T cells, a similar analysis was performed on PBMCs from a DRB1*0401-positive, HCV-seronegative 
The 11 subjects were grouped as PCR-negative (clearance of HCV viremia) or positive (long-term persistence). Blood mononuclear cells were labeled with pools of three HCV tetramers or control tetramers, and labeled cells were enriched with anti-PE microbeads. Numbers in parentheses represent tetramerpositive cells per million CD4 T cells. Numbers of less than 1 per million were scored as negative (-). Samples from subjects 99D and 01-40 were analyzed at different time points, and the frequency of HCV-tetramer positive cells declined substantially over time (see text for details). T cells from subject 98A were analyzed more than 4.5 years following resolution of viremia, and the frequency of tetramer-positive T cells was considerably lower (13 per million CD4 T cells) than in subjects 99D and 01-40 following resolution of viremia. OXK had received unsuccessful combination therapy 6 years previously, but all other subjects with chronic infection were untreated. A stimulation index of greater than 5 was scored as positive in the T cell proliferation assay. P value for significance of difference in HCV tetramer staining between PCR-positive and -negative groups = 0.0061 (Fisher one-tailed test). ND, not determined.
isolate complexes loaded with a single peptide. DR/peptide complexes were first separated from free DNPlabeled peptide by HPLC gel filtration chromatography (Figure 2b) , and the DR/peptide fraction from the gel filtration column was then injected into an HPLC DNP affinity column (Figure 2c ). For the two high-affinity HCV peptides, close to 100% of DR molecules injected into the DNP column carried the DNP-labeled peptide, while a smaller fraction (43%) was loaded for the loweraffinity epitope. This affinity purification step therefore provided a homogenous DR/peptide preparation even for peptides that were not loaded with a high efficiency. This is relevant since the presence of DR molecules without the appropriate peptide would reduce the valency of the resulting staining reagents.
Tetramer-based analysis of CD4 T cells specific for HCV. Each of the three DR4-HCV tetramers labeled a discrete population of CD4 T cells in short-term T cell lines generated from DRB1*0401-positive subjects with antibodies to HCV by in vitro stimulation of PBMCs with soluble C200 antigen (encoding HCV NS3 and NS4 proteins), while no significant staining was observed with three control tetramers (DR4-annexin II, DR4-gp100, and DR4-CLIP) (Figure 3a and data not shown). A substantial enrichment of labeled cells was obtained when anti-PE magnetic microbeads were used to capture cells stained with tetramers composed of DR4-HCV peptide complexes and streptavidin-PE (Figure 3b ). The CD4 + /tetramer + cells displayed effector function, as shown by parallel intracellular cytokine staining for IFN-γ and tetramer staining in an HCV NS3/NS4-stimulated line from subject 98A. A pool of the three HCV tetramers (DR4-HCV 1248, DR4-HCV 1579, and DR4-HCV 1770) stained approximately 5% of CD4 T cells from this line, consistent with 5% CD4 + IFN-γ + cells upon stimulation with a pool of the three HCV peptides corresponding to the tetramer epitopes (Figure 3c ).
Figure 5
Comparison of the T cell response to HCV in subjects with resolved viremia and chronic persistent infection. PBMCs from subject OXM (a spontaneous resolver) and OXB (chronic viremia) were labeled with a pool of the three HCV tetramers (left panels) or three control tetramers (DR4-CLIP, DR4-gp100, and DR4-annexin II). The number of CD4 + /tetramer + cells following enrichment with anti-PE microbeads is indicated in the upper right quadrant. HCV tetramer-positive CD4 T cells could not be detected in the four patients with chronic viremia ( Table 2 ). donor (Figure 4b ). All three DR4-HCV tetramers were tested as a pool, and no CD4 + /tetramer + cells were isolated in this seronegative control subject. A discrete population of cells was only observed with an influenza DR4-HA tetramer in this subject, and seven CD4 + / tetramer + cells were isolated after enrichment (1 in 110,000; 0.0009%). Also, no staining with DR4-HCV tetramers was observed with PBMCs from three MHCmismatched (DRB1*0401-negative), HCV-infected control subjects (data not shown).
HCV-specific CD4 T cells are not detected in patients with chronic viremia. In contrast to patients who spontaneously resolve infection with HCV, a CD4 T cell response is difficult to detect in chronically infected subjects using assays based on particular effector functions, raising the question of whether HCV-specific CD4 T cells are anergic or absent (7, 9) . PBMCs from four patients with chronic viremia were labeled with a pool of three DR4-HCV tetramers, as well as a pool of control tetramers ( Figure 5 and Table 2 ). HCV tetramer-positive cells were not detected in any of these patients, indicating that such T cells are absent or pres-ent at very low frequencies in patients with chronic viremia. Consistent with these findings, T cell proliferation assays performed with PBMCs from three of these subjects were negative. PBMCs from DRB1*0401positive subject 99-24 with chronic HCV were also subjected to additional functional assays, and no response to these HCV epitopes was detected based on intracellular cytokine staining for IFN-γ production or the ability to generate specific lines by culture with peptide and IL-2 (data not shown). In contrast, HCV tetramer-positive T cells were detected in six of seven subjects with resolved viremia ( Figure 5 and Table 2 ). Eight of the 11 subjects carried the DRB1*0401 subtype; subject OXD was positive for DRB1*04, but subtyping for the DRB1*0401 allele was not performed. Two subjects (OXS and OXK) carried the closely related DRB1*0404 subtype. One of these patients (OXS) had spontaneously resolved viremia, and HCV-specific CD4 T cells could be visualized with the DRB1*0401 tetramers; while the other patient (OXK) had chronic viremia. To assess interassay variability, we performed two staining reactions with PBMCs from subject 01-40
Figure 6
Ex vivo phenotypic analysis of HCV-specific memory CD4 T cells using MHC class II tetramers. (a) PBMCs from three subjects with resolved HCV viremia were stained with a pool of three DR4-HCV tetramers as well as antibodies to CCR7, CD45RA, or CD27. Tetramer-positive cells were positively selected with anti-PE microbeads and analyzed by flow cytometry. Plots are gated on CD4 + /tetramer + cells. (b) PBMCs from subject 01-40 were labeled with an antibody to CD62L in conjunction with the DR4-HCV 1579 and DR4-HCV 1770 tetramers. and 01-40 after resolution of viremia. In subject O1E with resolved HCV viremia, in whom HCV tetramer-positive cells were not detected, functional assays (T cell proliferation, intracellular cytokine staining, generation of T cell lines) were also negative, and it is not known how much time had elapsed between these measurements and exposure to the virus. The time interval is also not known for subjects OXS, OXM, and OXD, who had antibodies directed against HCV but no viral RNA in the plasma, indicating spontaneous resolution of viremia.
Ex vivo phenotype of HCV-specific CD4 T cells. These data indicated that it is possible to study virus-specific CD4 T cells ex vivo, and we therefore used this approach to examine expression of surface receptors important for memory T cell function. We examined the expression of the surface antigens CCR7, CD45RA, and CD27 on tetramer-positive cells enriched from three DRB1*0401 subjects with resolved HCV viremia. Isolated tetramer-positive cells were CCR7 + CD45RA -CD27 + , consistent with a surveillance function for secondary lymphoid structures (Figure 6a) (30) . The expression of the lymph node homing marker CD62L was analyzed on fresh PBMCs from subject 01-40 in conjunction with the DR4-HCV 1579 and DR4-HCV 1770 tetramers, and 67% and 70% of CD4 + /tetramer + cells, respectively, were CD62L + (Figure 6b ).
The HCV 1248 peptide has been described as an immunodominant CD4 T cell epitope in HCV infection (29) , offering the possibility to determine the breadth of TCR usage by memory CD4 cells in controlled HCV infection. We analyzed the TCR Vβ repertoire of CD4 T cells specific for the DR4-HCV 1248 complex in subjects 01-40 and 98A. Fresh PBMCs or short-term lines were enriched with the DR4-HCV 1248 tetramer and stained individually with a panel of 16 Vβ antibodies. In fresh PBMCs from subject 01-40, 30% and 23% of DR4-HCV 1248 + cells were Vβ5.1 + and Vβ2 + , respectively, indicating strong selection in vivo. A small population of tetramer-positive cells (1.6%) was Vβ12 + ex vivo in subject 01-40; no other Vβ antibodies tested in this panel stained DR4-HCV 1248 + cells, indicating that additional TCR Vβ segments were used by these HCV 1248-specific CD4 T cells that were not detected here. Similar results were obtained with a short-term line from the same subject (Figure 7 , a and b). A restricted TCR repertoire for the DR4-HCV 1248 complex was also observed in a short-term line from subject 98A, since greater than 80% of CD4 + /DR4-HCV 1248 + cells were Vβ12 + (Figure 7c ). The TCR Vβ repertoires against the DR4-HCV 1248 complex may be different in these two subjects because in vivo selection may result in the expansion of clones with Vα-Jα and Vβ-Jβ rearrangements whose TCRs with a pool of HCV tetramers on the same day; the total frequencies in these experiments were 437 and 447 per million CD4 T cells (less than 10% variability).
The frequency of HCV tetramer-positive cells declined over time following resolution of viremia. In subject 99D, relatively large numbers of HCV tetramer-positive cells were detected among cells frozen just after resolution of viremia (850 per million CD4 T cells; Table 2 ), but tetramer-positive cells were almost undetectable in a sample taken approximately 3 years later, since they could only be visualized following in vitro stimulation. In subject 01-40, the frequency of HCV tetramer-positive T cells was highest at time points close to the resolution of viremia, and the frequency dropped from 447 per million to 121 and 130 per million CD4 T cells in two separate experiments performed 3-4 months later (cells from one of these later time points were used for Figure 4a ). T cells from subject 98A were analyzed more than 4.5 years after resolution of viremia, and the frequency of tetramer-positive T cells was considerably lower (13 per million CD4 T cells) than in subjects 99D and c) Similarly, shortterm stimulated HCV-specific CD4 T cell lines from subjects 01-40 (b) and 98A (c) were stained with DR4-HCV 1248 and subsequently stained with the 16 Vβ antibodies. The Vβ antibodies that positively stained DR4-HCV 1248 + cells are shown for each subject, as well as an example of a negative control Vβ antibody that did not stain the tetramer-positive cells. In subject 98A, the frequency of T cells in bulk PBMCs expressing Vβ5.1 and Vβ12 was 6.6% and 2.2% of CD4 T cells, respectively.
